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there	 is	 a	 growing	 need	 to	 understand	 and	 predict	 the	 distribution	 of	 biodiversity	
	hotspots	influenced	by	the	presence	of	humans.	Our	basic	hypothesis	is	that	human	
influence	in	the	Anthropocene	is	ubiquitous,	and	we	predict	that	biodiversity	hot	spot	
modeling	 can	be	 improved	by	 addressing	 three	 challenges	 raised	by	 the	 increasing	
ecological	influence	of	humans:	(i)	anthropogenically	modified	responses	to	individual	
ecological	factors,	 (ii)	fundamentally	different	processes	and	predictors	 in	 landscape	
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2015;	 Titeux	 et	al.,	 2016).	 Concentrations	 of	 biodiversity	 can	 be	
found	 in	many	 parts	 of	 the	World	 (Gaston	 &	David,	 1994;	Medail	
&	 Quezel,	 1997;	 Myers,	 Mittermeier,	 Mittermeier,	 Da	 Fonseca,	 &	
Kent,	2000;	Sverdrup-	Thygeson,	Brandrud,	&	Ødegaard,	2007).	Areas	
with	 a	 large	 number	 of	 species,	 especially	 rare,	 threatened	 or	 en-
demic	 species	 often	 occur	 in	 remote	 and	 relatively	 pristine	 natural	
areas,	like	tropical	rain	forest	interior	(Mittermeier,	Myers,	Thomsen,	
Da	Fonseca,	&	Olivieri,	 1998;	Myers,	 1988)	 and	boreal	 old-	growth	
forests	 (e.g.,	 Gjerde,	 Sætersdal,	 Rolstad,	 Blom,	 &	 Storaunet,	 2004;	
Sverdrup-	Thygeson,	 Søgaard,	 Rusch,	 &	 Barton,	 2014;	 Timonen,	
Gustafsson,	 Kotiaho,	 &	 Mönkkönen,	 2011).	 However,	 areas	 with	
high	biodiversity	are	not	only	confined	to	remote	wilderness.	In	fact,	
there	 is	 often	 a	 high	 coincidence	 between	 people	 and	 biodiversity	
(Araújo,	 2003).	With	 the	 increasing	 presence	 and	 activities	 of	 hu-
mans,	 an	 increasing	 number	 of	 species-	rich	 habitats	 are	 found	 in	











trial,	 extensively	managed	agricultural	 landscape,	 and	owe	some	of	
their	qualities	to	previous	human	management,	like	coppicing.	Due	to	
their	rich	microhabitat	structures	(thick	bark,	crevices,	dead	branches,	











the	 resources	 allocated	 to	biodiversity	mapping	 and	monitoring	 in	






Austin,	 2002;	 Skarpaas,	Diserud,	 Sverdrup-	Thygeson,	&	Ødegaard,	
2011).	 However,	 the	 mix	 of	 ecological	 and	 anthropogenic	 factors	





Anthropocene,	 there	 is	 a	 rapidly	 growing	 need	 to	 address	 these	
complexities.
In	 this	 study,	we	 focus	 on	 large	 and	 hollow	 oaks	 (Quercus	 spp.;	
Figure	1)—an	 important	 biodiversity	 hot	 spot	 habitat	 in	 northern	
Europe—to	 address	 the	 challenge	 of	 interacting	 ecological	 and	 an-











decay,	 broken	 branches	 or	 flaking,	 deeply	 creviced	 bark—and	 after	
about	 200	years	 of	 age,	 sometimes	 earlier,	 internal	 cavities	 start	 to	
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Annighöfer,	 Beckschäfer,	 Vor,	 &	 Ammer,	 2015;	 Dahl,	 1998;	 Jones,	
1959;	Stokland	&	Halvorsen,	2011).	To	what	extent	do	veteran	oaks	
follow	the	oak	niche?	Oaks	grow	old,	large,	and	hollow	when	they	have	
sufficient	 time	 to	 grow,	 age	 and	 decay	without	 major	 disturbances	
(Ranius	et	al.,	2009).	Some	1,000	years	ago,	 in	a	slightly	warmer	cli-




















biodiversity	 hotspots	 in	 the	Anthropocene?	Our	 basic	 hypothesis	 is	
that	even	 in	moderately	populated	parts	of	 the	World,	human	 influ-
ence	is	ubiquitous,	and	we	make	three	predictions	for	Anthropocene	
biodiversity	 hot	 spot	modeling	 that	we	 test	 for	 the	 case	of	veteran	
oaks	 in	 Norway.	We	 expect	 (i)	 human-	modified	 responses	 to	 eco-
logical	 factors,	 (ii)	 fundamentally	 different	 processes	 and	 predictors	
in	 landscape	 types	 shaped	by	different	 land	use	histories,	 and	 (iii)	 a	
multitude	and	complexity	of	natural	and	anthropogenic	processes	that	
require	 many	 predictors	 and	 even	 multiple	 models.	 Specifically,	 for	
veteran	oaks,	we	expect	shifts	in	the	realized	niche	toward	inaccessi-
ble	and	low-	productive	areas,	and	different	responses	to	geographical	









sessile	 oak	Quercus petrea	 and	 pedunculate	 oak	Quercus robur. The 
two	species	frequently	hybridize	and	may	be	difficult	to	separate	 in	
the	 field.	 Ecologically	 they	 are	 fairly	 similar,	 and	we	 treat	 them	 to-
gether	 as	 oaks	 (Quercus	 spp.)	 in	 the	 analysis.	 The	 northern	 limit	 of	
oaks	in	Europe	seems	to	be	related	to	climatic	factors	that	vary	with	
latitude.	On	a	coarse	 scale,	Q. petrea	 follows	 the	−4°C	 isotherm	 for	
the	 coldest	month,	whereas	Q. robur,	 which	 reaches	 a	 little	 further	
north	 in	Scandinavia,	 seems	 to	be	more	 limited	by	 respiration	sums	
(i.e.,	temperatures	during	the	growing	season,	weighted	by	their	effect	
on	respiration;	Dahl,	1998).	Elevation	and	local	topography	may	there-
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oaks	 (Sverdrup-	Thygeson	 et	al.,	 2013).	 The	 data	 were	 collected	 as	
a	 stratified	 random	 sample	 within	 seven	 regions	 of	 approximately	
200	km2	 subjectively	 selected	 to	 represent	 the	 variation	 in	 the	
oak	 region	 in	 south-	eastern	 Norway.	 Each	 region	was	 divided	 into	
3	×	3	km	blocks.	We	 first	 randomly	 selected	 three	blocks,	 and	 then	
20	plots	of	500	×	500	m	within	each	block	 (Figure	2).	Based	on	ex-
isting	 knowledge	on	occurrence	of	hollow	oaks	 (primarily	 the	data-
base	 of	 the	Norwegian	 Environment	Agency;	 http://kart.naturbase.
no/)	we	sorted	the	plots	into	“oak	present”-	plots	and	“oak	presence	
unclear”-	plots.	All	“oak	present”-	plots	and	25%	of	the	“oak	presence	





Potential	 predictors	were	 collected	 from	 digital	 maps	 in	 a	 geo-
graphical	 information	 system	 (GRASS	 Development	 Team,	 2015).	




(e.g.,	 latitude,	 longitude,	 elevation)	 and	 local	 topography	 (e.g.,	 slope	













landscape	 types	based	on	 the	predominant	 land	cover.	Forest	 land-
scapes	were	defined	as	all	forest	area	with	a	patch	size	of	>1	ha,	and	
open	landscapes	were	defined	as	all	nonforest	areas	(excluding	water	













We	 developed	 a	 suite	 of	 models	 to	 elucidate	 key	 patterns	 and	
ensure	 robustness	 of	 the	 results	 with	 respect	 to	 our	 predictions.	
We	analyzed	 a	 few	 single	 regression	models	with	 selected	key	pre-
dictors	 to	 test	 for	 human-	modified	 ecological	 responses	 (prediction	
1)	 and	 different	 effects	 in	 forests	 and	 open	 landscapes	 (prediction	















mixture	 of	 ecological	 and	 anthropogenic	 factors,	 and	 that	 different	
processes	dominated	in	forests	and	open	landscapes.
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north	in	forests	(Figure	3a,	green	line).	However,	in	open	landscapes,	
the	pattern	was	opposite:	 the	occurrence	of	veteran	oaks	 increased	
toward	 the	 north	 (Figure	3a,	 brown	 line).	 Consequently,	 in	 the	 far	
north,	 a	 single-	predictor	model	 based	 on	 data	 from	both	 landscape	
types	 overestimated	 the	 probability	 of	 occurrence	 of	 veteran	 oaks	




bility	of	occurrence	 showed	unimodal	patterns	with	 terrain	 slope	 in	
both	 forests	 and	 open	 landscapes,	 but	 shifted	 toward	 considerably	





Landscape	 structure	 also	 affected	 probability	 of	 occurrence.	 In	
both	 forests	 and	 open	 landscapes,	 the	 occurrence	 of	 veteran	 oaks	
declined	 at	 increasing	 distances	 from	 the	 forest	 edge	 (Figure	3c).	
However,	 in	 the	 open	 landscape,	 the	 probability	 of	 occurrence	was	
much	higher	near	the	forest	edge,	and	the	decline	much	steeper	with	
increasing	distance	to	the	forest	edge.	Consequently,	the	total	model	
strongly	 under-	predicted	 occurrence	 near	 the	 forest	 edge	 in	 the	








dence	 between	 the	 best	models	 (Table	3)	 and	 coefficient	 estimates	
based	on	AIC-	weighted	model	averaging	across	the	confidence	set	of	
models	(Table	4).
As	 expected,	 the	 probability	 of	 occurrence	 of	 veteran	 oaks	
declined	with	 elevation	 in	 both	 forests	 and	 open	 landscapes.	 In	
No. Variable Definition (units/scale)
Related patterns and 
processes
1 X West–east	coordinate	(m) Oceanic-	continental	
(moisture)	gradient
2 Y South–north	coordinate	(m) Nemoral–boreal	(tempera-
ture)	gradient
3 Z Elevation	above	sea	level	(m) Correlated	with	air	
temperature,	marine	
deposits,	land	use,	etc.
4 S Slope	(degrees) Correlated	with	insolation	
time,	ground	conditions	
and	forestry	activity
5 A Aspect	(northness) Correlated	with	radiation	
sum
6 TWI Terrain	wetness	index Wetness	indicator	based	on	
terrain	and	water	flow	from	
above
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Several	 local	 topographic	aspects	were	also	 important.	The	mul-









eran	oaks	 in	 forests	and	open	 landscapes.	 In	 forests,	 the	probability	





















biodiversity	 hotspots	 (Habel	 et	al.,	 2013;	 Lindenmayer	 &	 Laurance,	




important	 and	 timely,	 but	 challenging.	 In	 both	 landscape	 types,	 the	
probability	 of	 encountering	 veteran	 oaks	 is	 low—even	 in	 the	 best	
spots.	Our	 forest	model	predicts	probabilities	of	about	0.05	 for	 the	







suggest	 that	 the	odds	are	>300	times	that	of	an	average	cell	 in	 the	
best	spots.	In	other	words,	the	models	clearly	distinguish	hot	and	cold	
parts	of	the	landscape.
Our	 results	 suggest	 that	 prediction	 of	 veteran	 oaks	 is	 possible,	
but	 also	 illustrate	 the	 importance	 of	 considering	 landscape	 struc-
ture	 as	 well	 as	 accounting	 for	 the	 different	 critical	 ecological	 and	
anthropogenic	processes	operating	in	natural	and	human-	dominated	
landscapes.	 Specifically,	 our	 predictions	 and	 results	 highlight	 three	
major	 challenges	 for	 ecological	 and	 geographical	 prediction	 in	 the	
Anthropocene.
First,	biodiversity	hotspots	may	respond	differently	 to	ecological	
factors	 (biotic	and	abiotic)	 in	different	 landscapes	depending	on	the	
kind	and	degree	of	human	influence	(prediction	1).	Examples	include	
differences	in	magnitude	and	steepness	of	linear	responses,	direction	





     |  7SKARPAAS et Al.








driven	cultural	 landscape	 toward	 the	north.	 In	 forests,	 these	human	
factors	play	a	lesser	role,	and	the	occurrence	of	veteran	oaks	declines	
toward	 the	 north,	 in	 concordance	with	 the	 fundamental	 oak	 niche	
TABLE  2 Logistic	regression	models	for	the	presence	of	veteran	oak	for	each	landscape	type
Landscape type





X + Y + Z + A + S + S2 + TWI + K+ k AICc ΔAICc AICc weight
Forest 18 1 T + P	+	FA	+	FD 15 3942.62 0.00 0.22
2 T + P	+	FA 14 3943.10 0.48 0.17
3 T + P	+	FA	+	FD	+	WD 16 3944.49 1.87 0.08
4 T + P	+	FA	+	FD	+	RD 16 3944.62 2.00 0.08
Open 4 1 FA	+	FD 11 1996.39 0.00 0.48
2 FA	+	FD	+	RD 12 1997.77 1.38 0.24
3 FA	+	FD	+	WD 12 1998.33 1.94 0.18
4 FA	+	FD	+	WD	+	RD 13 1999.74 3.35 0.09
All	data 4 1 FA	+	FD	+	WD	+	RD 13 6276.09 0.00 0.46
2 FA	+	FD	+	RD 12 6276.67 0.57 0.35
3 FA	+	FD	+	WD 12 6279.12 3.03 0.10






Forest Open landscape All data
Intercept 63.800 −28.857 46.805
X 0.927*** −0.163 0.684***
Y −0.763*** 0.305 −0.551***
Z −0.400*** −1.419*** −0.476***
S 1.286*** −0.413* 0.684***
S2 −0.652*** 0.185˄ −0.170*
A −0.645*** −0.059 −0.443***
TWI −0.259** −0.693*** −0.465***
K −0.074 0.022 −0.033
FA −0.163* −0.920*** −0.475***
FD −0.103 −0.801*** −0.412***
RD – 0.000 0.127*
WD – 0.000 −0.077˄
T32 1.928*** – –
T33 1.343*** – –
P12_13 −0.360* – –
P14_15 −0.591** – –
Coefficients	are	standardized	by	SD	of	the	predictors	(Table	1,	Appendix	
S1:	Table	S1).





Forest Open landscape All data
Intercept 59.978 −30.180 48.810
X 0.902a −0.175 0.687a
Y −0.724a 0.318 −0.573a
Z −0.435a −1.430a −0.458a
S 1.263a −0.410a 0.683a
S2 −0.636a 0.183 −0.168
A −0.648a −0.059 −0.443a
TWI −0.259a −0.697a −0.460a
K −0.072 0.025 −0.036
FA −0.174a −0.919a −0.483a
FD −0.109 −0.801a −0.404a
RD −0.013 0.069 0.125a
WD −0.053 0.020 −0.076
T32 1.949a – –
T33 1.348a – –
P12_13 −0.357a – –
P14_15 −0.587a – –
aCoefficients	 with	 95%	 confidence	 intervals	 not	 including	 zero	 (see	
Appendix	S1:	Table	S3,	for	extended	results).
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(Figure	3a).	However,	in	forests,	harvesting	is	difficult	in	steep	areas,	
where	veteran	oaks	consequently	have	a	strongly	elevated	probabil-









covariate	 in	a	 (generalized)	 linear	regression	model	 is	not	enough	to	
resolve	the	problem.	 Interaction	terms	between	 landscape	type	and	





tion	modeling:	 different	 predictors	may	 be	 relevant	 only	 in	 specific	
areas	 (prediction	 2).	 Humans	 frequently	 modify	 ecosystems	 to	 the	
extent	that	original	natural	processes	are	no	longer	the	most	relevant	




in	 the	 open	 landscape	where	 the	 forest	 has	 been	 cleared	 and	 kept	





scape	 types,	 and	predictions	merged	geographically	 (i.e.,	 on	 a	map).	
This	approach	 requires	 that	 landscape	 types	are	clearly	defined	and	
that	information	on	the	spatial	distribution	of	landscape	types	is	read-
ily	available.
Finally,	 the	third	challenge	highlighted	by	our	study	 is	 the	multi-
tude	 and	 complexity	 of	 processes	 and	 factors	 affecting	 biodiversity	
hotspots	 in	 human-	influenced	 landscapes	 (prediction	 3).	 Ecological	
processes	are	complex,	anthropogenic	processes	even	more	so.	This	
challenge	goes	far	beyond	the	time-	and	space-	dependent	relevance	
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out	as	the	one	and	only	or	clearly	most	important	one.	Multiple	pre-
dictors	 are	needed,	 representing	both	ecological	 and	 anthropogenic	
processes.	This	is	in	accordance	with	the	“multiple	ecosystem	drivers	
hypothesis”	 of	 oak	 forest	 dynamics	 (McEwan	et	al.,	 2011),	 although	
the	oak	species	and	drivers	are	different	in	our	European	system	than	
in	North	America	(e.g.,	no	sudden	oak	death	in	Europe)	and	our	study	
concerns	veteran	oaks	 in	particular.	We	know	several	of	 the	 factors	
affecting	the	life	and	death	of	oaks,	and	the	conditions	for	generating	
































oaks	growing	 in	 forest	 today	may	have	been	growing	 in	open	 land-
scapes	in	a	not	too	distant	past.	Even	marginal	areas	in	Norway	were	
heavily	 exploited	 for	 fuelwood,	 grazing	 etc.	 about	 a	 hundred	 years	













































dictable	 despite	 the	 complexity	 of	 processes	 in	 human-	influenced	
landscapes	and	that	considering	how	different	human-	related	pro-
cesses	 operate	 in	 different	 landscapes	 helps	 both	 understanding	
veteran	 oak	 responses	 to	 environmental	 variables	 and	 prediction	
of	 distribution	 patterns.	We	 expect	 predictions	 to	 be	 further	 im-
proved	with	the		extensive	monitoring	data	set	under	establishment,	
especially	after		repeated	visits.	This	will	document	recruitment	and	
mortality	patterns	 in	veteran	oaks	and	can	be	used	 to	develop	 in-
creasingly	refined	process-	oriented	models.	Regardless	of	the	mod-
eling	 approach,	 finding	 ways	 to	 account	 for	 human	 influence	 on	













patterns	 of	 European	 oak	 species	 (Quercus petraea	 (Matt.)	 Liebl.,	
Quercus robur	 L.)	 in	 dependence	 of	 environment	 and	 neighborhood.	
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